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TECHNICAL NOTE 3384

EFFECT OF HYDROCARBON STRUCTURE ON REACTION PROCESSES
LEADING TO SPONTANEOUS IGNITION

By Donald E. Swarts and Charles E. Frank
SUMMARY

Previous work showed that heptane and isocctane not only differed
greatly in respect 40 their susceptibllities to vapor-phase oxidation
but that the nsture of the oxidation products was also different. These
facts were Interpreted on the basis of the temperature required for oxi-
dative attack and on the thermal stability of the alkyl and peroxy r&di-
cals cobtalned. This work has been extended to other aliphatlc hydro-
carbons in the present investigation.

Experiments with 2,2,5~-trimethylhexane, which differs from isococtane
in having one more methylene group, show that this compound occupies an
intermediary position between isooctasne and n-heptene in susceptibility
to oxidation., ‘The addition of a methylene group reduces the resistivity
of & hydrocarbon to oxidation.

The 2,2-dimethylbutane, which conteins two secondary C-H bonds, is
more easlly oxidized than its isomer, 2,3-dimethylbutane, which contains
two tertlary C~-H bonds. This apparent anomaly may be due to the fact
that tertisry C-H bonds in 2,3-dimethylbutsne are sterically shielded
from oxygen ettack by the adjacent methyl groups.

In the tempersture range from 350° to h50° C 3-heptene gave oxide-
tion products similar to those from n-heptane but showed greater resist-
ance to oxidative attack. At temperatures of 500° to 550° C, isobutene
appeared slightly more susceptible to oxldstion than iscobubtane. Possible
explanations for these observations are suggested.

When a reaction tube with 1/hk-inch inside diameter was used, iso-
octane gave oxidstion products similar to those previously reported with
the l/l6-inch tube. However, for a given contact time the extent of
reaction and the danger of explosion were much greater in the larger
diameter tube. These results illustrate the importance of a high surface-
to~volume ratio in controlling vapor-phase oxidation processes.
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INTRODUCTION

Previous work on the investigation of the reaction processes leading
to the spontaneous ignition of hydrocarbons (ref. 1) showed that the
structure of the hydrocarbon influences the ease of oxidative attack and
the thermal stability of the alkyl and peroxy radicals initially formed.
Other important factors controlling the rate and course of the vapor-
phase oxidation of hydrocarbons are temperature, contact time, and "wall
effect.” The effect of the type of C-H bonding in the molecule was shown
previously by comparing the intermediate oxidation products of isooctane
and n-heptane. Preliminsry experiments with iscbubane and 2,2,5-
trimethylhexane provided further evidence for the order of C-H stablility.
The order of increasing resistance to oxidative attack of the above
compounds was found to be n-heptane, 2,2,5-trimethylhexane, and isococtane.

The present study has had as its objective a comparison of the
behavior of other hydrocarbons with those previously studied. A study
of the behavior of olefins and some exploratory work on the effect of
the ratio of surface to volume on the extent of oxidaetion in the early
stages was also included. This investigation was conducted at the L
Applied Science Research Laboratory of the University of Cincinnati wmder
the sponsorship and with the financial assistance of the National Advisory
Committee for Aeronautics. - ' :

DESCRIPTION OF APPARATUS

The apparatus used in this investigation hes been described in a_
previous report (ref. 1) and consists essentially of three parts: _
(1) The hydrogen-oxygen mixing tube, held at constant temperature during
the experiment, (2) the oxidation chamber, composed of a l3-inch-long
glass tube with either 1/16- or 1/k-inch inside diameter in an electri-
cally heated furnace, and (3) cold traps (-70° C) for repid quenching of
the reaction products. A final scrubber containing an aqueous solution
of 2,4-dinitrophenylhydrazine reacts with volatile carbonyl compounds.

Cylinder oxygen was dried by passing it through sulfuric acld and
the oxygen was then conducted through a calibrated flowmeter and into
the hydrocarbon held at a constant temperature so as to obtain a known
fuel-oxygen mixture. Temperatures were selected to secure a stoichio- -
metric mixture of fuel and oxygen in all experiments. With the less vol-
atile campounds tested, for exasmple, iscoctane and 2,2,5-trimethylhexsne,
a refluxing vapor bath was utilized to maintain the hydrocerbon at the
necessary temperature. However, with the more volatile compounds, for
example, 2,2-dimethylbutene and 2,3-dimethylbutaneg, the proper temper-
ature of the hydrocarbon was cdbtained by clrculating coolant at a



NACA TN 338l : | 3

controlled temperature around the bubbler tube. The oxygen was also
precooled to the same temperature before mixing. With the gaseous com-
pounds, for example, lsobutane and lsobutene, a second calibrated flow-
meter was used to measure the hydrocarbon, and thorough mixing was
obtained by the turbulent flow of the fuel-oxygen mixture through a 2-inch
section of stainless-steel column packing and a fritted-glass scrubber
tube. The fuel-oxygen mixture was then passed through the reaction
chamber at a selected contact time and temperature and the reaction
products were quenched in the cold traps.

For the most part the oxidation was conducted in a l/l6-inch—inside-
diameter glass tube, where a large "wall effect" would assist in control-
ling and quenching the reaction during the early stages. To examine
the effect of a larger diameter tube on the oxidation of iscoctane, a
l/h-inch-inside-diameter tube was substituted for the l/l6-inch-inside-
diameter tube. The temperature distribution throughout the l/h—inch—
inside~diameter tube wes measured at various tempersture settings as
before (ref. 1). From the curves cbtained (fig. 1) it is apparent that
there 18 little change in the temperature distribution from the l/l6-inch-
inside-diameter tube.

TEST PROCEDURE

The reaction mixture from each experiment was guenched and aenslyzed
as described previously (ref. 1). To analyze for the various reaction
products the water-soluble components were separated from the organic-
soluble components by several extractions of the mixture with water. .

The water phase was analyzed for total peroxide, hydrogen peroxide, total
carbonyls, aldehydes, and acids. The organic phase was tested for
peroxides, carbonyl compounds, and olefins.

Total Peroxides

Total peroxides were debtermined lodometrically. A plece of dry ice
was added to 10 cubic centimeters of glacilal acetic acid In a titration
flask to sweep out the air. After excess potassium-iodide solution was
added to the sample and it was sllowed to stand in the dark for 1/2 hour,
the liberated iodine was titrated with O.l-normal sodium thiosulfate.

Bydrogen Peroxide

Hydrogen peroxlde was determined colorimetrically by the reaction
with titanium-sulfate reagent (ref. 2). The percent light absorption at

oA 4174dmieren 17 - mAa~~1r~d with - en~etromhntamater and the yalvre of
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the hydrogen-peroxide content corresponding to thls percent absorption
was read directly from a callbreted chart.

Carbonyl Compounds

Carbonyl compounds were determined gravimetrically by precipltation

of the 2,h-dinitrophenylhydrazones using the reagent solution described
by Shriner and Fuson (ref. 3}.

Olefins —_

Olefins were determined by hydrogenation as described by Siggia

(ref. 4). Platinum-oxide catalyst was used. The peroxides and carbonyl

compounds must be removed prior to this determination.

Aldehydes and Acids
Aldehydes were determined as the derivative of methone (ref. 5).
Aclids were determined by titratlon with O.l-normsl sodium hydroxide
using phenolphthalein as 1ndicator.
RESULTS AND DISCUSSION
Oxidatilon of Various Hydrocarbons

2,2,5=-trimethylhexane. -~ Preliminery data for the oxidation of
2,2 5-trimethylhexane

Tﬂﬁ
CH5'T'CH?'CH2'?H"CH5
CH3 CH3.

were recorded in an earlier report (ref. 1), This compound was investi-
gated further because of its similarity to Isooctane; it differs only in
having an additional methylene group. The reactions of this compound,

a8 well as of the other hydrocarbons discussed in this report, were con-
ducted in a l/l6-inch—1nside-diameter glass reactor tube. As shown in
teble I, in the initial stages of the oxidation of 2,2,5-trimethylhexane
at h50° C and at short contact times s high ratio of organic peroxides
to hydrogen peroxide is cobtalned, and in this respect the oxidation

*
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resembles that of n-heptane. Similarity 4o isococtane is also noted in
the early stages; the yleld of olefins exceeds the yield of carbonyl
compounds (see reaction 1, table I). At higher temperatures and longer
contact times the yield of hydrogen peroxide increases and is greater
than that of organic peroxides, while the carbonyl formation increases
rapidly. These later stages are characteristic of the oxidation path
of lsooctane., This is to be expected because of the similerity in chem-
ical structure of the two hydrocarbons and because of the lessening of
the selective action of the primary, secondary, and tertiary C-H bonds
at the higher temperatures.

A comparison of the effect of contact time on the product distri-
bution from the oxidation of 2,2,5~trimethylhexane and isococtane at
550° C is shown in figure 2. The rate of olefin and hydrogen-peroxide
production is gbout the same for both compounds slthough the absolute
quantities are larger for the nonane. The most striking difference in -
behavior of the two compounds 1s the large amount of carbonyl formation
from 2,2,5-trimethylhexane, & phenomenon characterlstic of the oxidation
of straight chain hydrocarbons. These data afford additional evidence
that the relative resistance to oxidative atbtack for these three hydro-
carbons 1s iscoctane > 2,2,5~trimethylhexane > n-heptane,

2,2-Dimethylbutane.~ Data pertaining to the vapor-phase oxlidetion
of 2,2-dimethylbutane

CHz

|

CHB'C'CHE'Cﬂﬁ
CH3

are shown in table II. Like isooctane and isocbutane, thils hydrocarbon
requires high temperatures for appreclsble oxidative attack; this is to
be expected in sccordance with the structural similarities of the three
hydrocarbons. One also would predict from the relatlve number of pri-
mary C-H bonds in 2,2-dimethylbutene that 1ts resistance to oxidation
should lle between iscbutane and isooctane; this was found to be the
case. 2,2-Dimethylbutane is less resistant to attack than iscbutane
(cf. table IT with table III) and is slightly more resistant than iso-
octane. However, this latter difference is difficult to evaluate since
the data for 2,2-dimethylbutane are at 500° C and those for comparable
contact times with 1lsooctane are at 550° C (ref. 1). The ratio of
hydrogen peroxide to organic peroxide is low (approximately 0.5 and 1.5
from reactions 1 and 2, respectively, in table IT), in the initial stages
of oxidation, in contrast with that for isooctane and isobutane. The

higher ratio is reached only at longer contact times (reaction 3, table II).

At shorter contact times (reactions 1 and 2), the olefin yield is high
and the carbonyl yield is low; both results are similar to those cobtalned
with iscbutane.
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2,3-Dimethylbutane.~ The 2,3-dimethylbutane

CH3 CH3
N
CE-CH
CHz CH3 : -

shows oxidation characteristics similar to 2,2-dimethylbutane. Table IV
sumarlzes preliminary date recorded for this compound. As with other
compounds that are attacked appreciably only at high temperatures,
2,3-dimethylbutane yields mainly hydrogen peroxide and olefins in the
initial oxlidation processes, The ratio of hydrogen peroxide to organice
peroxide is about equal to or greater than 1, being of the same order of
_magnitude ss the 2,2 isomer. As expected from the highly branched nature
of the hydrocarbons, the carbonyl compounds found wilth both the 2,3- and
the 2,2-dimethylbutane are mainly ketones.

Comparison of 2,2-dimethylbutane and 2,3-dimethylbutane.~ Since
2,2-dimethylbutane and 2.5-dimethylbutene are isomeric and differ only
in the number of  secondary and tertiary C-H bonds, a comparison of their
behavior was of interest. 2,2-Dimethylbutane has two secondary and no
tertiary C-H bonds, and 2,3-dimethylbutane has two tertisry and no second-
ary C-H bonds, while both have the same number of methyl groups. The
initial experiments with these two compounds at 500° C and 0.08-second
contact time (reaction 2, table II, and reaction 1, table IV) show that
the extent of oxidative attack and the nature of the products formed are
simiiar. However, 2,3-dimethylbutane is slightly more resistant to oxi-
dation, as evidenced by the lower yield of products. This is in contrast
with predictions based on the relative reactivities of secondary end
tertiary C-H bonds in the combustion of paraffins as outlined in refer-
ence 6, The reason for this anomasly probably lies in the steric arrange-
ment of the methyl groups in the two structures. The secondary hydrogen
atoms In the 2,2-isomer are exposed while the tertiary hydrogen atoms
must be in a trans configuration for meximum freedom from overcrowding.
In this configuration the shlelding effect of the methyl groups 1s the
greatest. The qualitative results herein reported agree with the work
of Cullis and Hinshelwood (ref. 7) who have shown the relative rates of
oxidation of the 2,2- and 2,3-isomers to be 12 and 1, respectively.

3-Heptene.- Results obtained from the oxidation of 3-heptene
CH3-CHQ-CH#CH-CHQ-CHQ—CHB_

gre sumarized in table V. The contact tlme was held constant at
0.04 second and the temperature was varied. The molar ratio of oxygen
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to hydrocarbon was 10:1. The grester resistance of 3-heptene to oxids-
tive attack as compared with n-heptane is evident from & study of table V
and 1s shown in figure 3. The data for n-heptane were taken from those
reported in previous work on the program (ref. 1). In each reaction
mixture, under the same conditions of temperature and contact time, the
yleld of oxidation products is less with the olefin. A striking feature
of n-heptane reaction is the more than a hundredfold increase in extent
of reaction exhibited on raising the tempersture from 350° to 400C C.
This phenomenon also occurs with 3-heptene, but to & lesser degree and
through a range 50° C higher, 400° to 450° C. Beatty and Edgar (ref. 8)
report that the initial oxldation of 3-heptene begins 56° C higher than
that of n-heptane, when a reaction tube with 1-inch inside diameter is
used. The smaller surface~to-volume ratioc of their tube provides a less
sensitive control of reaction than the use of a l/lG-inch—inside-diameter
tube, and umdoubtedly their observed "initial oxidation" corresponds to
the sharp rise in product yield reported here.

At 5500 C n-heptane and 3-heptene both glve greater yields of
organic peroxides than of hydrogen peroxide, but the ratio is much
greater with the paraffin. At higher temperatures where the resctivity
of the oxygen has increased appreciably, the initiatlon reaction is more
extensive and hydrogen peroxide is formed in larger quantities than the
organic peroxides (see ref. 1, p. 1%}. As with the n-heptane, the for-
mation of large amounts of carbonyl compounds from 3-heptene indicates
less selectivity and s more general degradation than with the highly
branched hydrocarbons. Olefin determinations with 3-heptene were not
attempted.

The greater resistivity of 3-heptene than of n-heptane to vapor-
phase oxidation is gt variance with their relstive ease of oxidation at
room temperature. The latter results from the reactivity of the sllylic
C-H bonds of the olefin umder conditions where the other secondary C-H
bonds are substantially inert. However, it appears that at higher tem-
peratures the reactivity of the C-H bonds all along the chain approaches
that of the allylic C-H., There would then seem to be two major reasons
for the greater reactivity of the paraffin at these higher temperatures:
(1) The greater number of secondary hydrogen atoms, and therefore a
statistically greater number of points vulnersble to attack, and (2) the
resonance stabilizetion in radicals such as R-CH-CH=CH-R'e> R-CH=CH-CH-R',

and therefore their lower reactivity (ref. 9)..

Isobulene.~- Some preliminary runs were made with iscbutene

CHz-C=CHp

CH
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In order to compare the behavior of this olefin with that of the corre-
sponding saturated hydrocarbon, iscbutane. The results are reported in
table III and in figure L. Some of the date in table III were taken
from previous work on this program (see ref. 1). A temperasture of 550° C
was necessary for any appreclable oxidation to occur at contact times of
0.08 and 0.16 second. The most noticeable difference between reaction of
the two compounds is in the oxidation products. While isobutene ylelds
both organic and hydrogen peroxides, only hydrogen peroxide is found )
wlth isobutene. Also, the only carbonyl compound formed in the partial
oxldation of isobutene is formaldehyde, whereas only half of the quan-
tity of cerbonyl compounds from iscbutane is formaldehyde; the other

half is most probably acetone snd isobutyraldebyde. A possible mechanism
for the oxidation of isobutene consistent with these facts is as follows:

C=C-C + 0p—>C=C-C: + *O00H (1)
¢ ¢

C=C-C + *OCH— c:cl:-c- + HOOH (1v)
¢ :

At 5500 C the activity of the oxygen molecule is great and free radical
initiations (la) and (1b) account for the abundence of hydrogen peroxide.
Further reaction with oxygen of the free radical formed could possibly
involve chain propegation, as in equations (2) and (3):

C=C~C+ + Op=—> C=C-COO" (2)
AR
C=C~C00+ + C=C-C—> C=C-COOH + C=C-C- (3)
: S T

However, the hydroperoxide formed according to equation (3) would be
very unsteble (if formed at all) because of the high temperature, and
indeed no alkyl hydroperoxide is found Iin the experimental studles. In
accordance with the work of Rust, Vaughen, et al. (ref. 10), the alkyl-
peroxy radieal and any alkyl hydr eroxide no doubt would decompose to
the alkoxy radical (eqs. (Le), (bb), and (5)):

c:clz_c-

c
C=C-C00+ ——> C=C-CO0C-C=C—3 2C=C~CO- (4a)

l | l l

c c c c

I NI VI & l
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C=C-C00*
I
C
c=c|:-coo-—> 2C=C-CO* + Op (4b)
c c
C=c-coon—>c=<‘:-co- + <OH (5)
i
C c

Formaldehyde arises from the decomposition of this alkoxy radical as in
equation (6):

H 0

C=C-C-0*—>C=C+ + H-C_ (6)
| B | H
C C

The fate of the subsequent free radical from eguation (6) is more doubt-
ful. Bretton, Wan, and Dodge (ref. 11) indicate that the radical reacts
with more oxygen and ultimately forms acetic acld and & second molecule

of formaldehyde. These products correspond well with those detected in

the present determinastions.

The data shown in teble IIT for isobubene are too limited to show
any clear difference in the relative ease of oxidation of isobutene and
iscbutane. The results obtained, however, indicate & slightly greater
resistance for iscbutane. This would be consistent with the reletive
spontaneous ignition temperstures of polyiscbutylenes end hydrogenated
polyisobutylenes (ref. 12) and with the effect of unsaturation on the
critical compression ratios of highly branched hydrocarbons (ref. 6).

Effect of Ratio of Surface to Volume

As pointed out earlier, the l/l6-inch-inside-diameter glass reactor
tube hes been employed in order to meke use of the "wall effect” for
quenching the reaction in its initial stages. While this procedure was
quite successful, it was desirable to study the same oxidation in s
larger reaction tube to obtain some quantitative measure of the effect of
surface-to-volume ratio on the nature and extent of the reaction. There-
fore sn experiment on isooctane was conducted substituting a 1/h-inch-
inside-diemeter glass tube for the 1/16-inch-inside-diameter tube.
Results obtained with the l/h-inch tube are compared with those of the
l/lG-inch tube in table VI, employing a stoichiometric oxygen-isooctane
mixture at ¥50° C and 0.68-second contect time. It is evident from
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these dats that the initial reaction occurring in 1/16- and 1/4-inch
reactlon tubes 1s substantially the same. As expected, the extent of
reaction increases with increasing tube size, that 1s, decreasing surface~
to-volume ratio. In stbtempting & further comparison between these tubes,
isooctane was oxidized at 550° C and 0.24-second contact time. Wherees
the l/l6-inch glass tube enabled controlled reactions at this tempera-
ture, explosive reactions resulted with the l/h-inch tube. In view of
this, no attempts were mede to employ the l/h-inch tube with hydrocarbons
which ignite in the low-temperature region, for example, n-heptane.

The suitability of the 1/h-inch reactor at 450° C and its unsuitebil-
ity at 550° C also give additlonal significance to spontaneous-ignition-
temperature measurements. Thus, while differences in the reaction cham-
ber used for determining spontaneous ignition temperature and the present
oxldation tube prevent any but qualitative comparison, it is noteworthy
that lsooctane undergoes spontaneous ignition at about 450° C in a
125~cubic~centimeter flask (ref. 13) but at about 500° C in a 43-cubic-
centimeter ignition chamber (ref. 1k). Extrapolation would suggest a
spontaneous ignition temperasture in small-diameter tubes in the 5500 to
600° C range. Present results indicated that lsooctane undergoes an
almost instantaneous autoignition in a l/h-inch tube at 550° C, while .
there is an epprecisble induction period at 550° C in the 1/16-inch tube.
At 450° C, the induction period in a l/h-inch tube 1s sufficient to per-
mit considersble reaction without explosion. These results serve tu
emphasize the lmportance of a high surface-to-volume ratio in obtaining
controlled vapor-phase oxidation.

CONCLUSIONS

From the investigation of reaction processes leading to spontaneous
ignition of hydrocarbons the following conclusions can be drawn:

l. The effect of adding a methylene group to a highly branched
hydrocarbon 1s to reduce its resistance to oxidation; for a given set
of reaction conditions, the relative amounts of orgenic peroxide and of
carbonyl compounds incresse, and the over-all ylelds of oxidation prod-
ucts are higher, :

2. In the oxidation of isomeric branched hydrocsrbons, the differ-
ence in resistance to oxidation is dependent upon the difference in
structural configuration. While, In general, ease of oxidation of C-H
bonds increases in the order primary < secondary < tertiary, steric
effects may outwelgh normal reactivity considerations.

3. n-Olefins are more resistant to vapor-phase oxidatlon then the
corresponding paraffins. Highly branched olefins appear somewhat lees
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resistant to vapor-phase oxidation than the corresponding paraffins.
However, insufficlent datae are available to permit any broad generali-
zations among these compounds.

k., The major products obtained in the oxidastion of 3-heptene at
lover temperatures (350° to 450° C) are similar to those obtained with
n-heptane in the same temperature range but are produced in smaller
amounts. Resonance stabilization in the radical and the fewer number
of C-H bonds available for asttack are suggested as reasons for the
greater resistance of the n-olefins to oxidative attack.

5. Major products obteined during the initial stages of the oxida-
tion of iscobutene are hydrogen peroxide and formasldehyde.

6. The order of resistance to oxidation of the hydrocarbons for
which comparsble data are available is iscbutane > iscbubtene > iso-
octane > 2,2,5~trimethylhexane > 3-heptene > n-heptane.

T. The extent of a vaepor-phase oxidation increases with decreasing
surface-to~volume ratio if other factors remain constant. The "wall
effect"” provided by a large surface-to-volume ratio is very helpful in
maintaining reaction control in high~temperature vapor~phase oxidation.

University of Cincinnati,
Cincinnatl, Ohio, December 2, 1953,



NACA TN 338k
REFERENCES

Frank, Charles E., and Blackham, Angus U.: Reaction Processes
Leading to Spontaneous Ignition of Hydrocarbons. NACA TN 2958,

1953.

Eisenberg, George M.: Colorimetric Determination of Hydrogen Perox-
ide. Ind. and Eng. Chem., vol. 15, no. 5, May 18, 1943, pp. 327-328.

Shriner, Ralph L., and Fuson, Reynold C.: The Systematic Identifica-
tion of Organic Compounds. John Wiley & Sons, Inc., 1948, pp. 97-98.

Siggla, S5.: Quantitative Orgenic Analysis Via Functional Groups.
John Wiley g Soms, Inc., 1949, pp. 37-4O.

Walker, J. F.: Formaldehyde. Am. Chem. Soc. Monograph Ser. No. 98,
194k, pp. 264-266. - - - -

Boord, C. E., Greenlee, K. W., and Defer, J. M.: Oxidation Reactions
a8 Related to Hydrocarbon Structure and Engine Knock. Joint Sym-
oslum on Cogbustion Chemistry, Div, Petroleum Chem .5 Am. Chem Soc.
%Cleveland) Apr. 9-12, 1951, pp. 171-191. T o ST

Cullis, C. F., and Hinshelwood, C. N.: Low-Temperature Oxldation of
Higher Paraffins in Relation to Structure. Pt. III. Discussions,
Faraday Soc., vol. 2, 1947, pp. 119-120.

Beatty, H. A., and Edgar, G.: The Vapor Phase Oxldation of Hydro-
carbons. Jour. Am. Chem. Soc., vol. 56, no. 1, Jan. 1934,
pp. 107-111.

Jost, Wilhelm (Huber Q. Croft, trans.): Explosion and Combustion
Processes in Gases. McGraw-Hill Book Co., Inc., 1946, p. 498.

Bell, E. R., Raley, J. H., Rust, F. F., Seuvbold, F. H., and Vaughan,
W. E.: Reactlions of Free Radicals Assoclated With Low Temperature
Oxidi'bion of Paraffins. Dlscussions, Faradsy Soc¢., vol. 10, 1951,
P. 242,

Bretton, R. H., Wan, Shen-Wu, and Dodge, B. F.: Catalytic Vapor
Phase Oxidation of Some Four-Carbon Hydrocarbons., Ind. axrd Eng.
Chem., vol. 44, no. 3, Mar. 1952, pp. 594-603.

Frank, Charies E., Blackhsm, Angus U., and Swarts, Donald E.: Inves-
tigation of Spontaneous Ignition Temperatures of Organic Compounds
With Particular Fmphasis on Lubricants. NACA TN 2848, 1952.



NACA TN 3384 13
13. Jackson, Joseph L.: Spontaneous Ignition Tempergtures of Pure Hydro-
carbons and Commercial Fluids. NACA RM E50J10, 1950,

14, Frank, Charles E., and Blackham, Angus U.: Investigation of Hydro~
carbon Ignition. NACA TN 2549, 1952.



TABLE I.- OXTDATION OF 2,2,5-TRIMETHYL.HEXANE

Reaction mixture number . .« o« « o« « o o « 1 2 3 )3 5 6 T
Conditicns:
Composition, mole hydrocarbon/moles
OXYEEND « o o o o s « « v s o » o » o » 10,07 { 0.07] 0.07] 0.07 { 0.07 [ 0.07 { 0.07
Temperature, C . . « v o ¢ v v o o« « o | 450 | 450 | 450 [ U450 |550 | 550 |550
Contact time, sec e s e s as . 1008008006028 0 00t0 081016
Produet analysils:
Hydrogen peroxide, millimoles/mole
2,2,5-trimethylhexane charged . . . . |0.03 | 0.6 iT %% {4%.717.5 11
Organic peroxides, millimoles/mole
2,2,5~trimethylhexane charged . « . .| 2.0 | 1.2 | ~—==] 3.7 | 1.8 | k.3 |6.4
Olefin, millimoles/mole
2,2,5~trimethylhexane charged . . . . |0.50 | 5.3 13 | 7.8 {44 | 6.1 28
Total carbonyl, millimoles/mole
2,2,5~trimethylhexsne charged . . . . |Trace| 2L 5L | 180 22 TO | meem
Formaldehyde, millimoles/mole
2,2,5~trimethylhexane charged . . . . |None | 1.5 15 3% 10.9 |6.8 12
Acid, millimoles/mole
2,2,5~trimethylhexane charged . . . . |None | 3.0 | 7.3 15 |0.3 2.8 |9.4
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TABLE II.- OXIDATION OF 2,2-DIMETHYLBUTANE

Reaction mixture number . » « « & + &

Conditions:
Compoesition, mole bydrocarbon/moles
owgen L] » » L] L] * - L] L L] » » »
Tempera.ture,o()..........
Conbact time, 8ec « v o v v o o & &

0.11
500
0.16

Product anslysils:

Hydrogen Pn‘r'n'\r'ir'iﬂa millimnl nn/mn'! s
2,2-dimethylbutane charged . . .
Organic peroxides, millimoles/mole
2,2-dimethylbutane charged . . .
Olefin, millimoles/mole
2,2-dimethylbutane charged . . .
Total carbonyl, millimoles/mole
2,2-dimethylbutane charged . . .

'ﬁ'n'r'mn"lﬂphvﬂn’ millimoles /-mn'ln

st ek B F e Nt B LA

2,2-d1methylbutane charged . . .
Acid, millimoles/mole
2,2-dimethylbutane charged . . .

0.20

0.37

1.5
Trace
Trace

None

1.2
0.8
5.6
0.73

0.23

15
0.25

33
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TABLE ITY.- OXIDATION OF ISOBUTENE AND ISCBUTANE

Isobutene Tacbutane
Reaction mixture nunber « « « « + « & 1 2 1 2
Conditions;:
Composition, mole hydrocarbom/mole
OXYECL o o = = a o & o & s s s » 0.17 0.17 0.15 0.15
Temperature, °C « o » 4 s o o ¢ o » 550 550 550 550
Comtact time, sec , . , o o o « « . 0.08 0.16 0.08 0.16
Analysils:
Hydrogen percxide, millimoles/mole
hydrocarbon charged . « . . . o & 1.8 3.3 1.2 3,6
Orgenic peroxide, millimoles/mole
hydrocarbon charged . « « o » + o & None None 0.6 0.8
Olefin, millimoles/mole . "
hydrocarbon charged . + « + + & & (a) (a) 2.5 bs5.6
Total carbanyl, millimoles/mole
hydrocarbon charged . o « « o « & 3.1 wmm= | Po.2 | Po.8
Farmaldehyde, millimoles/mole _ .
hydrocarbon charged + + « s « « & 3.1 5.9 20.1, Po.4
Acid, millimoles/mole
hydrocarbon charged « « « « o « « 0.8 0.6 ———— ————

8Not determined.
bapproximate value.
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TARLE IV.- OXIDATION OF 2,3-DIMETHYLBUTANE

RS NI, VOVN

Reaction mixture number . « « « « &

Conditioms:

OCromaad+diAam. mn

OXYEEN &+ o« o
Temperature, °C
Contact time, sec ., , . « . « « &

Ta
ke S
-

0.11
500
0.08

0.11
500
0.16

Product analysis:

Hydrogen peroxide, millimoles/mole
2,3-0imethylbutane charged . . .

Organic peroxides, millimoles/mole
2,3-dimethylbutane charged ., . .

Olefin, millimoles/mole
2,3-dimethylbutene charged . . .

Total carbonyl, millimoles/mole
2,3-dimethylbutane charged . . .

Forreldehyde, millimoles/mole
2,3~dimethylbutane charged . .

Acid, millimoles/mole
2,3-dimethylbutane charged . . .

0.57

0.76

2.9
Trace
Trace

None

2.0
1.2
1.3
5.0
0,18

None

LT




TABLE V.- OXIDATTON OF 3~HEPTENE AND n~HEPTANE

3=-heptene n-heptane

[AY]
N
=
§o]
W

a
i
=
%

bomposition , mole hydrocarbon/mole ~

OXYEED 4+ 2 o s o o s = o s:6 » o 3 » = 0.10 | 0,10 | 0.10 | 0.09 | 0.09 | 0.09
Tempersture, °C . v o o v o ¢ o ¢ & o & 350 4o | 450 350 | 40O 450
Contact time, sec . o v & ¢ s ¢« & « o » 0.04% | 0.0 [ 0.0% | 0.04 | 0.0% | 0.0k

Product analysis:
Hydrogen peroxide, millimoles/mole
hydrocarbon charged . « « « « o o o & 0.56 | 3.3 27 0.3 63 79
Organic peroxides, millimoles/mole
hydrocarbon charged .« « « o « o o s « 0.6k 21 4.5 9.1 | 11,3 2.1
Olefin, millimoles/mole '

hydrocarbon charged . + « « « o = « &« (a) (a) (a) 2,9 | 58 78
Total carbonyl, millimoles/mole
hxnirogarhnn nhn“upﬂ 4 ® & @ @ & @ & e ~lace 15 220 === =———= ===

Ald.ehyde, mi11imoles /mole

hydrocarbon charged . « « ¢ « « » « « | Trace 9.4 110 2.6 360 %60
Acid, millimoles/mole
hydroc&rbon Chﬁrged a & & & 2 a4 & e =& NOIle l.T 28 ll-.O 57

BNot determined.

i

Hgee MI VOUN



TABLE VI.- COMPARISON OF RESULTS OF ISOOCTANE OXIDATION

TN REACTION TUBES OF DIFFERENT DTAMETERS

RE&CtiOﬂ-‘tu'be diame'tEr! in- " s & @

1/16

Conditiona :

Composition, mole hydrocarbon/mole
- [ ]
*

CXYEEN + « .
Temperatutre, °C
Contact time, B8C . o« o o » « « &

0.08

450
0.68

0.08

50
0.68

Annlyeis:’

Hydrogen ‘peroxide , millimoles/mole
" hydrocarbon charged . . « « o« o &

Organic peroxides, millimoles/mole
hydrocarbon charged . o o « o &
Olefin, millimoles/mole
hydrocarbon charged . . . « « -
Total. carbonyl, millimoles/mole
hydrocarbon charged . « o« « » «
Formaldehyde, millimoles/mole
hydrocarbon charged . « « « « &

Andd 1
Atlq, millimo m“lﬁﬂ,m}.e

hydrovarbon charged . + « « « &

N7

&

T
17

HREe NEL VOV

6T



Temperature,°C.

600

500

400

300,

200

100

]
o

Outside =
thermocoupie = ~2
| reading p Q\\\
of: 600
s N

, | \
//' M/K 400~ —_— e — \‘]\ \

P
XN
,
A
\
[}
/
/
(61 ]
[Te]
(@]
/
p—
/
| e

L7 5 bt 4~ AN
! L1717 S !
7 & NN

-~ peool | | Yl
1 Y T - —4— -~ X
——% 3 ~4198 ﬁb:‘l A\
—o— With 174" L.D. glass fube
—e- |wnh I716" 1.D. glcllss tube
| 1 1
0 i z 3 4 5 5 7 8 ¢ o 1 12 13 14
Top Bottom

Length oclong steel rod housing reaction tube, in

Figure l.- Temperature distribution in 13-inch-long glass reactor tubes
having 1/4- and 1/i6-inch inside dismeters. Zero sirflow rate.
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Figure 2.- Comparison of oxldation products of isooctane and 2,2,5-

trimethylhexane at 550° C.
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Figure 3.- Comparison of oxidation products of >-heptene and n-heptane.
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Figure 4.- Comparison of oxidation products of iscbutene and isobutane

NACA - Langley Field, Va.

at 550° C.



